In this work, phase change chalcogenide Ge 2 Sb 2 Te 5 (GST) thin films were fabricated by magnetron sputtering. The optical properties, especially the optical constants (refractive index and extinction coefficient), of such alloys were systematically studied by investigating their thermally and photo- 
Introduction
Chalcogenide glasses (ChGs), a notable branch of amorphous semiconductors, have been widely applied as critical materials in phase-change memories, sensors and photonic devices.
1 One of the most attractive properties of ChGs is their outstanding phase changing characteristic, making them suitable candidates for building rewritable storage devices, multi-color tunable lters, and electrically-or optically-driven intelligent displays. [2] [3] [4] [5] [6] In addition, the high material nonlinearity of GST, combined with the strong connement and dispersion in ber and waveguide devices, makes it attractive for fast nonlinear optical devices. 7, 8 However, there are also some deciencies in the performance of GST, especially its relatively large optical nonlinear absorption in the optical communication band and poor chemical and thermal stability.
9,10
Nowadays, phase change materials (PCMs) are the focus of scientic research. [11] [12] [13] Ge-Sb-Te (GST) is a relatively mature and superior PCM which can be classied into three categories: Ge 1 Sb 2 Te 4 , Ge 1 Sb 4 Te 7 and Ge 2 Sb 2 Te 5 . Most researchers are interested in Ge 2 Sb 2 Te 5 due to its faster crystallization rate, lower power consumption, as well as the undemanding composition requirements that minor composition deviation does not affect the performance. [14] [15] [16] Our research focuses on tracking the GST optical constant evolution process during the successive stages of phase-change. As there are coexistence of different proportion of amorphous and crystalline phases at different phase transformation stages. The optical constants obtained from various stages are proved to be continuously variable. It is therefore possible to realize the precise modulation on optical properties of GST chalcogenide by tracking their optical constants at different phase stages. It is also helpful for data support to the phase transformation physics.
In this paper, Ge 2 Sb 2 Te 5 lms with controllable composition and tunable optical properties were successfully fabricated. For the determination of optical constants, the transmittance data in the NIR region were tted with Tauc-Lorentz model and thus, the refractive index and extinction coefficient were effectively retrieved. Hence, the correspondence of post treatment process and optical constants of GST lms make it possible to ne control optical properties of chalcogenide materials in NIR range. On this basis, the utilization of GST lms in designing and manufacturing a variety of photonic integrated devices in the eld of optical communication, interconnection and computing will be realized. It is worth mentioning that GST lms have large absorption in the visible region resulting in a very low transmittance (almost near zero). Thus, compared with spectroscopic ellipsometry, the method based on transmittance spectra are relatively inaccurate to obtain optical constants in visible region. This paper focuses on the optical constants acquisition in the near-infrared band. The crystallinity of each sample was retrieved from Xray diffractometer (XRD, Panalytical B.V. X-pert Powder). Spectrophotometer (Agilent Cary-7000) was used to obtain the transmittance for GST lms on glasses.
Experimental and theoretical basis

Optical constant acquisition
The dispersion behavior of narrow gap semiconductor chalcogenide lms can be well described by the classic Tauc-Lorentz model. 17, 18 This oscillation function (eqn (1)) describes the complex dielectric permittivity as:
where 3 0 TL and 3
00
TL are the real part and imaging part of complex permittvity, respectively. A is the amplitude (oscillator strength), L is the broadening term, E g is the optical bandgap energy and E 0 is the peak transition energy. The eqn (2) is workable when photon energy E > E g , otherwise 3 00 TL is 0. The real part of the permittvity 3 0 TL can be obtained by Kramers-Kronig integration, which can be solved in closed form, and is given by
where
For the sake of convenience, eqn (2) and (3) are marked as f 2 and f 3 respectively. Refractive index (n) and extinction coefficient (k) can therefore be given by
According to the characteristic matrix formalism of the thin lm available, equation of transmittance is given by 21, 22 
where d ¼ 2pd(n À ik)/l is the phase angle of the lm, glass is approximately zero), T s is the transmittance of substrate and d is the physical thickness of lm.
Combining the above formulas, we can establish the relationship between lm transmittance T and wavelength l. On the basis of the transmittance data we measured, MATLAB soware was used to t the transmittance curve so that six parameters in above equations (A, L, E g , E 0 , 3 0 TL (N) and d) could be obtained. Substituting these parameters into eqn (5) and (6), wavelength dependence of refraction index (n) and extinction coefficient (k) were therefore retrieved. The tting algorithm used in the above process was the simplex, which can be replaced by other effective optimizing algorithms.
Results and discussions
XRD and Raman analysis
In order to investigate and verify the phase change process of GST lms, we utilized XRD measurements for the as-deposited and annealed GST lms. As shown in Fig. 1 and their intensity increase as the annealing temperature increases. However, the (111) and (220) peaks from FCC were found gradually disappeared, indicating that GST lms are transformed into HEX-phase structure. Fig. 2 shows the Raman scattering spectra of GST lms. Our measurements show that for the as-deposited lms, a broad envelop peak around 145 cm À1 was the main feature in the curve, it is assigned to the Sb- [32] [33] [34] It is worth mentioning that, since the GST Raman spectrum is displayed as broad envelope curves at different GST phase stages implying multiple peaks overlapping, it is not easy to identify each peak accurately. We therefore tried to use Gaussian distributions of several vibration peaks to segment and t the envelope curves of the 200 C annealed sample. The distinguishable peaks (A, B, C, D, E and F) was shown in the inset of Fig. 2 , which shows a representative tting result of this Raman spectrum. The Raman spectra evolution during post-annealing process is believed to be caused by microstructure changes of GST lm from the amorphous state to FCC, then to HEX structure as the annealing temperature increases, since the atomic arrangements and network environments in the above phases are different. 
Microstructure analysis
In order to depict the microstructural evolution of GST lms at various phases, high-resolution TEM was used to obtain the cross section images and selected-area electron diffraction patterns. Fig. 3 shows the results for as-deposited (Fig. 3(a) and (b)), 200 C annealed (Fig. 3(c) and (d)) and 350 C annealed (( Fig. 3(e) and(f))) GST lms (representing amorphous, facecentered cubic phase and hexagonal phase), respectively. From Fig. 3(a) , GST lms deposited at room temperature was shown as typical amorphous phase. No distinct diffraction spots are observed overlaying on dispersive haloes (Fig. 3(b) ). When the samples were annealed at 200 C, diffraction fringes indicating various orientational crystalline lattices can be observed (Fig. 3(c) and (d) ), implying the formation of nano FCC particles. When the annealing temperature was risen to 350 C,
GST lms show increased crystallinity as clearer fringes, exhibiting hexagonal (HEX) phase polycrystalline structure ( Fig. 3(e) ). In Fig. 3(f) superimposed diffraction spots also reveal that the formation of HEX phase crystal lattices.
Analysis of optical properties during thermally-induced phase change
We measured the transmittance of GST lms in the range of 700 nm and 2000 nm by the spectrometer (Fig. 4(a) ). The transmittance curves are monotonically decrease as the annealing temperature increases. In order to further study the optical properties before and aer the GST phase changing, we retrieved optical constants by optimizing each transmittance curve to t the measured results according to suitable dispersion model. The tting schematic for amorphous and crystalline GST (a-GST and c-GST) lms are shown in Fig. 4(b) . The tting data are found perfectly coincide with the transmittance curves by using TL dispersion model. Thus we are able to obtain reasonable and reliable optical constants (i.e. refractive index n and extinction coefficient k) of GST thin lms at different phase stage. In Fig. 4(c) and (e), n and k for GST lms in different phases are plotted and manifest great changes during the phase changing process. Fig. 4(d) is the enlarged view of Fig. 4(c) at the wavelength region from 1200 nm to 2000 nm, and the curves for n can be clearly distinguished in three index areas, coinciding with three different phases (amorphous, FCC and HEX) identied from the XRD measurement. On the other hand, the extinction coefficient k also increases which means larger optical loss aer annealing. Considering the optical communication wavelength 1550 nm as an example, as depicted in Fig. 4(f) , the refractive index n can reach around 5.7 aer phase transformation, and the extinction coefficient is acceptable (less than 0.9). Therefore, we can utilize the giant change of refractive index of GST at communication wavelength in the applications of information storage and optical modulation. 
Analysis of laser-induced phase change
Owing to the shortage in patterning of optical constants modulation, as well as the time-consuming of thermal induced phase transition, we further explore the photo-thermal induced phase transition method by using focused CW laser beam at 532 nm. As shown in Fig. 5 , the as-deposited GST lms were irradiated by laser with different power (1 mW, 3 mW, 5 mW and 10 mW, respectively). step of 100 mm. The scanning area of each GST lm was set as 2 mm Â 2 mm. The reectance optical microscopy images in Fig. 5 shows a series of transverse bright stripes with different brightness. The bright streaks were the traces of laser irradiation, which occupied a certain percentage of the scanning area. And the percentage can be tuned by setting different vertical scanning steps of laser beams so that the surface morphology and the transmittance of entire area could be carefully adjusted.
On the basis of the results in Fig. 5 , the lm surface microstructure almost has not changed when power was under some threshold (1 mW, 2.60 kW cm
À2
). As laser power density increases, the brightness of stripes on lm surface became more and more intensied aer irradiation, especially at 10 mW laser power (25.98 kW cm À2 ).
Fig . 6 shows the Raman spectra of laser-induced GST lms by different beam power. In order to reduce the impact of Raman laser source, GST lms was measured under 1 mW power of Raman laser. In the spectra, a broad peak appeared around 150 cm À1 . As the laser power increases, the initial peak is gradually divided into two seperated peaks at 110 cm À1 and 165 cm À1 , which means different degrees of phase change occurred in GST lms under different laser powers. In order to gure out the trend of optical constants evolution of GST lms aer irradiated by different laser powers. The dispersion curves of refractive index (n) and extinction coefficient (k) were obtained by using TL dispersion model (see in Fig. 7(b) and (c) ). Since the laser irradiated only a part of the surface of GST lms in the region of 2 mm Â 2 mm area, which can be seen from Fig. 5 that the irradiated area accounts for a small proportion of the entire area, the transmittance that reected in the result of Fig. 7(a) changed slightly. The variation of refractive index and extinction coefficient from Fig. 7(b) and (c) shows that laser can indeed induce GST lms to phase change and transform the optical constants by different laser powers. Fig. 7(d) shows that refractive index (from 3.57 to 3.80) and extinction coefficient (from 0.055 to 0.099) are tuned subtly at 1550 nm wavelength as laser power increased. In addition, optical constants of GST lms can be easily controlled through changing the portion of the laser irradiation area. Herein some important tting parameters and optical constants at 1550 nm of GST lms treated by thermal annealing and laser irradiation are shown in Table 1 .
Conclusions
In conclusion, GST lms can be controllable phase changed by heat annealling and laser irradiation methods. Different annealing temperatures and laser powers will change the internal chemical bonds congurations among atoms, which make the lms undergo different phase change (from amorphous to FCC state and then to HEX state). The optical constants (n, k) at different phase states could be obtained by the TL dispersion model. The result shows the refractive index and extinction coefficient of GST lms changed signicantly from amorphous to crystalline. Compared with thermalinduced phase change process, photo-induced phase change is more convenient and the optical constants of lms can be adjusted nely. Such variability of the GST properties could be used to enable new controllable all-optical modulator or absorber devices.
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